Background and aim: Paclitaxel (PTX) plus 5-fluorouracil (5-Fu) has become the standard chemotherapy for advanced gastric cancer (GC). Apatinib, a small-molecule tyrosine kinase inhibitor targeting vascular endothelial growth factor receptor-2, improves outcomes in GC patients as a third-line treatment. However, its impact on the chemosensitivity of GC remains to be determined. Hence, we aimed to assess the efficacy and safety of apatinib combined with chemotherapy in vivo and in vitro. Methods: The MGC803 cell viability was determined by Cell Counting Kit-8 assay, and the interactions between apatinib and conventional cytotoxic agents revealed by combination index values were calculated using Calcusyn 2.0 software. We also used a zebrafish embryo xenograft model to validate the synergistic interactions. Furthermore, 4 patients with latestage GC were enrolled to explore the efficacy and safety of PTX/Tegafur Gimeracil Oteracil Potassium (S1) (PS) chemotherapy plus apatinib in conversion surgery. Results: Apatinib showed synergistic interactions with both PTX and 5-Fu in vivo. The zebrafish embryo xenograft model also demonstrated that apatinib significantly enhanced the antitumor activity of PTX and 5-Fu. Apatinib plus PS chemotherapy was well tolerated before surgery. Objective response to preoperative SPA treatment was achieved in all 4 patients. No postoperative bleeding events or wound-healing complications were observed. No postperative morbidity occurred and no morbidity was encountered. Pathological examination showed that all patients had grade Ib pathological response. Conclusion: The experimental data suggested that apatinib improves the efficacy of PTX and 5-Fu both in vitro and in vivo. Clinical evidence showed that a combination of PS chemotherapy with apatinib may be an efficient and acceptable safety treatment for late-stage GC, especially in conversion surgery.
Introduction
Gastric cancer (GC) is a common malignancy and has been estimated to account for the third highest cause of cancer deaths. 1 Surgery is the optimal treatment for patients with GC and provides the best chance of long-term survival. However, many patients are initially diagnosed incurable due to locally advanced or metastatic GC; these patients are not considered surgical candidates and chemotherapy is the standard of care, indicating a very poor outcome. 2 Combination of chemotherapy with target medicines or nanoparticles can enhance the cellular uptake of drug payload and reduce the side effects. 3, 4 Targeted therapy may offer new possibilities for improved outcome. High vascular endothelial growth factor (VEGF) expression is one of the characteristic features of GC, 5 and targeting VEGF is therefore considered a promising therapeutic strategy for GC. The anti-vascular endothelial growth factor 2 receptor (anti-VEGFR-2) monoclonal antibody ramucirumab has shown a survival benefit as a second-line treatment option in those metastatic GC patients who progressed on fluoropyrimidinebased or platinum-based first-line chemotherapy. 6 A recent phase III trial demonstrated that apatinib, the first oral receptor tyrosine kinase inhibitor selectively targeting VEGFR-2, could significantly improve the overall survival and the progression-free survival with an acceptable safety profile. Meanwhile, apatinib was approved by the China Food and Drug Administration CFDA in December 2014 for patients with pretreated metastatic GC. 7 In this contest, apatinib has been regarded as an appealing agent in GC treatment.
The optimal use of angiogenic targeted drugs in GC has yet to be established. Considering the limited benefit of apatinib as a single agent, studies are investigating whether its combination with chemotherapy should be initiated. Interestingly, a combination of antiangiogenic targeted therapies and chemotherapy in metastatic GC appeared to show a synergistic effect without excessive toxicity. The AVAGAST trial, which was designed to evaluate the efficacy of adding bevacizumab to capecitabine-cisplatin chemotherapy in metastatic GC, showed that the combination led to significant improvement with regard to the response rate and progression-free survival. 8 Another phase III clinical trial, the RAINBOW study, found that overall survival was significantly prolonged with the addition of ramucirumab to paclitaxel (PTX) chemotherapy. 9 Moreover, the chosen backbone of chemotherapy may further influence the response to antiangiogenic treatment. 10, 11 PTX plus 5-fluorouracil (5-Fu) has become the standard chemotherapy for advanced GC. Considering apatinib and ramucirumab share the same target with a different mechanism of action, the combination of apatinib and PTX-based chemotherapy promises to be an attractive strategy leading to a greater magnitude of clinical benefit. 12 In this study, we conducted experiments to investigate whether apatinib can enhance the antitumor efficacy of PTX and 5-Fu in vitro/in vivo. In addition, we further evaluated the administration of apatinib with PTX plus S1 (an orally administered 5-Fu analog) in 4 GC patients with different metastatic disease who received conversion surgery; both the safety and efficacy of this combination were assessed. 
Materials and methods Reagents

Cell line
The MGC803 cell line was purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, People's Republic of China. MGC803 cells were cultured in RPMI-1640 basal medium with a supplementation of 10% FBS at 37°C in a humidified atmosphere of 5% CO 2 . Cells were grown in drug-free culture medium for >2 weeks before assay.
Cell proliferation and toxicity test (Cell Counting Kit-8)
The cells were seeded at a concentration of 1500 cells in each well of a 96-well plate. After 24 h, the medium was replaced by fresh medium with or without various concentrations of drugs. A cell viability assay was carried out using the Cell Counting Kit-8 according to the manufacturer's instructions. Six wells were used for each drug concentration and the experiment was replicated three times. Optical density values were measured at 450 nm.
The IC50 values were defined as the concentrations resulting in a 50% reduction in growth as compared with control cell growth. Drug interactions were analyzed using the median effect principle (Talalay-Chou method). The combination index (CI) was calculated using CompuSyn software, where CI=1 is indicative of an additive effect, CI<1 is indicative of a synergistic effect, and CI>1 is indicative of an antagonistic effect.
In vivo assays of antitumor activity using the zebrafish model
The MGC803 cells were labeled with CM-Dil (Thermo Fisher Scientific) as the protocol described. CM-Dil cells were washed in PBS and resuspended at 10,000 cells/mL. Embryos were anesthetized by placement in 0.04 mg/mL ethyl 3-aminobenzoate methanesulfonate tricaine 48 h post fertilization. CM-Dil cells (100 cells in 10 nL, 30 nL injection volume per embryo) were injected into the perivitelline space with a pneumatic injector using glass microinjection needles. Groups of larvae (n=30) with red fluorescence at the injection site were moved to 6-well plates (30 embryos per well). Larvae were treated at 5 days post infection and incubated at 35°C during treatment. Stock solutions of the drugs to be tested were made up to 100× working concentration in an appropriate solvent. Apatinib was then diluted to the final concentration with E3 medium, fresh drug containing E3 medium was replaced daily, and E3 was used as a no treatment control. PTX and 5-Fu at the concentrations to be tested were administrated through caudal vein microinjection. We evaluated tumor growth and fish survival at 5 days post treatment by fluorescence microscopy. Images were captured on a Nikon SMZ1500 microscope and the bioluminescence density (BD) from infected zebrafish larvae was measured with NISElements D 3.10 software. The inhibition rates were calculated using the following formula: inhibition rate (%)=(BD of control group−BD of experimental group)/(BD of control group−BD of blank group)×100%.
Patients
We enrolled 4 patients with a clinical diagnosis of stage IV gastric adenocarcinoma at our institute between August 2015 and September 2015. The inclusion criteria were as follows: 1) newly diagnosed with gastric adenocarcinoma; 2) clinically diagnosed with one unresectable and/or metastatic lesion (case 1 with para-aortic lymphatic metastasis, case 2 with highly locally advanced lesion, case 3 with liver metastasis, and case 4 with peritoneal metastasis); 3) Eastern Cooperative Oncology Group performance status 0-1; 4) no prior chemotherapy, radiotherapy, or major surgical procedure; and 5) provision of signed written informed consent. Patient characteristics are listed in Table 1 .
Treatment
Apatinib was administered 500 mg once a day continuously; PTX 130 mg/m 2 was given on day 1 as a 2-h intravenous infusion with standard premedication for case 1, case 2, and case 3. Case 4 with peritoneal metastasis received intraperitoneal PTX at 70 mg/m 2 as well as intravenous PTX at 60 mg/m 2 on day1; S-1 was administered at 80 mg/m 2 for 14 consecutive days, followed by 7 days of rest. Treatment was administered for 3-5 cycles, but the last cycle of therapy did not include apatinib.
Clinical assessment of surgery and histological evaluation of surgical specimen
Routine computed tomography (CT) scans and laparoscopic exploration were applied both before and after chemotherapy. The clinical response for measurable metastatic tumors was evaluated based on the Response Evaluation Criteria in Solid Tumors guidelines version 1.0. A multidisciplinary team of oncologists, liver surgeons, and radiologists confirmed whether the patient was eligible for surgery. In the present study, conversion gastrectomy was defined as surgery with curative intent aimed at leaving no macroscopic residual tumor. Surgical complications were assessed according to the Clavien-Dindo classification. All resected specimens were examined by the same pathologist to assess the extent of residual disease, disease stage, and effect of chemotherapy according to the criteria of the Japanese Classification of Gastric Carcinoma 3rd edition. 13 Tumors were graded as 0-3 based on the degree of necrosis or disappearance of the tumor in relation to the estimated total amount of the lesion. Figure 1A and B). The synergy analysis using Calcusyn software showed that the combination of 5-Fu and apatinib could synergistically inhibit cell growth at high concentrations, while PTX and apatinib was found synergistic (<1) at all analyzed concentrations ( Figure 1C and D).
Apatinib enhanced paclitaxel-mediated and 5-Fu-mediated antitumor efficacy in vivo
We used transparent Casper zebrafish early-stage embryos to investigate the antitumor effects of apatinib plus PTX or 5-Fu. The maximum tolerated dose of every agent was determined before examination (data not shown). MGC803 xenografts in Casper zebrafish embryos were treated with PTX (0.75 and 1.5 ng/fish) or 5-Fu (25 and 50 ng/fish) either alone or in combination with apatinib (0.25 µg/mL). Tumor sizes were evaluated by fluorescence microscopy 5 days post injection ( Figure 2C ). The inhibitory rates of every group are summarized in Table 2 . Except for group F1 (5-Fu 25 ng/fish), the bioluminescent signal decreased after treatment with 5-Fu and PTX, either alone or in combination with 0.25 µg/mL apatinib, compared to the negative control (p<0.05). The results also indicated that apatinib plus PTX or 5-Fu is more efficient than single treatment in suppressing tumor growth (Figure 2A and B) . No obvious edema and death of zebrafish were observed in any of the treatment groups, suggesting the therapies were well tolerated.
Tolerance and adverse events of preoperative chemotherapy
The combination of apatinib plus PTX/S1 (PS) chemotherapy was relatively well tolerated. Three patients received 3 cycles of treatment and 1 patient who was diagnosed with peritoneal metastasis received 5 cycles of treatment before surgery. No patient had a dose reduction of either apatinib or PS chemotherapy. No more than a 3-day chemotherapy delay due to toxicity was observed in all patients. The incidence of adverse events (AEs) for preoperative treatment was high: 4 patients developed a total of 21 AEs, but only 4 of these (19%) were grade III or higher according to the Clavern system ( Table 3 ). The main AEs that may be exclusively associated with apatinib occurred in 3 patients, including hypertension in 2 patients and proteinuria in 2 patients. The most common AE was neutropenia and could be managed with standard treatment. There was no preoperative mortality. The incidence of hematologic and nonhematologic AEs is shown in Table 3 .
Assessment of tumor response to preoperative chemotherapy
All patients received both a CT scan and magnetic resonance diffusion-weighted imaging (MRI) for volumetric or functional evaluation of the tumor response before resection. Laparoscopic exploration was also conducted perioperatively in the case with peritoneal metastasis. With regard to the primary tumor, no complete response was observed and all patients enrolled had a partial response. As for the evaluation of metastatic lesions, the patient who showed apparent shrinkage of his peritoneal nodules as well as negative peritoneal cytology at the second laparoscopy was considered a complete response. The other 3 patients had a partial response in their metastatic lesion. After preoperative treatment, all 4 patients who were initially considered unresectable were regarded as potentially resectable, which represented a conversion rate of 100%. Tumor comparison between before and after treatment assessed by CT, MRI, or laparoscopic exploration is demonstrated in Figure 3 .
Surgical outcome
All 4 patients underwent conversion surgery with curative intent after preoperative treatment. The median time from the last dose of apatinib to surgery was 4.3 weeks. The patient with peritoneal metastasis underwent primary tumor resection only and the other 3 patients had a synchronous primary tumor and metastatic resection. No increase of bleeding events, compared to our historical data, could be observed during operation; only 1 patient required a blood transfusion because of severe preoperative anemia. Since it has been suggested that antiangiogenic targeted drugs can interfere with wound healing, an anastomotic leak and wound-healing delay were considered apatinib-related morbidities. There was no apatinibrelated morbidity observed in the 4 patients. No patient died during the study or experienced grade III or higher complications according to the Clavien-Dindo system. The surgical procedures and outcomes are shown in Table 4 . 
Discussion
This study aimed to explore the feasibility and effectiveness of apatinib combined with chemotherapy in conversional therapy. Our results demonstrated that the combination of apatinib and chemotherapy may have high efficiency and acceptable safety profiles. The synergistic effect of apatinib with both PTX and 5-Fu was observed by in vitro study. In GC patients with a single site of metastasis, the addition of apatinib to the PS regimen chemotherapy also led to a superior response rate and resectability. The overall occurrence of toxicity of this combination was high; however, the expected adverse effect associated with apatinib was mild. Of the 4 patients included in this study, 1 patient experienced proteinuria and another presented with hypertension which required further medication. No bleeding, gastrointestinal perforation, arterial thromboembolism, or would healing complication occurred. In addition, a high pathological response rate was observed in this study. Angiogenesis plays a major role in GC development and progression; targeting angiogenesis represents a new era for the treatment of advanced GC. Apatinib, an orally bioavailable agent targeting VEGFR-2, has shown efficacy and safety in preclinical and clinical studies involving GC patients. In vitro, apatinib inhibited proliferation and migration of human umbilical vein endothelial cells through suppression of the kinase activities of VEGFR-2, c-kit, and c-src. 14 In vivo, apatinib showed clear antitumor effects on various tumor xenograft models including colon cancer and GC. According to the recently published results of a phase III study, apatinib alone showed good safety, tolerance, and treatment efficacy in patients with chemotherapy-refractory metastatic GC, prolonging the median overall survival by 55 days and the median progression-free survival by 25 days compared with placebo. These data confirm that apatinib represents a new effective treatment option for GC. However, monotherapy with antiangiogenesis drugs appears to be effective only in selected highly VEGF-dependent tumors; combinations with chemotherapy have otherwise proven necessary. 1515 So far, clinical experience has confirmed that the addition of antiangiogenic target therapy to conventional chemotherapy may lead to improved response rates in several solid tumors, including colon cancer, 16 breast cancer, 17 and ovarian cancer; 18 however, the impact of apatinib on the efficiency of conventional chemotherapeutic agents remains to be determined. Previous studies in vivo demonstrated that apatinib significantly improved the efficacy of traditional chemotherapy by stimulating the ATPase activity of P-gp. 19 In this study, we further found that apatinib could significantly improve the efficacy of chemotherapy including PTX and 5-Fu both in vivo and in vitro.
The choice of chemotherapy regimen may be key to maximizing the response rate with the apatinib combination. 12 There is now both in vivo and in vitro evidence that PTX displays innate antiangiogenic properties, mediated through direct effects on endothelial cell function as well as inhibition of VEGF-induced neovascularization.
11
In the RAINBOW trial, 9 the anti-VEGFR-2 monoclonal antibody ramucirumab demonstrated a considerable effect on the efficacy of PTX in metastatic GC after first-line chemotherapy failure. Considering the combination of ramucirumab with platinum-based backbone chemotherapy (FOLFOX) in the first-line setting did not meet its survival endpoint, an improved synergy between PTX and ramucirumab may contribute to the positive results seen in the RAINBOW trial. Since ramucirumab and apatinib share the same target of action with a different mechanism, we believed that the combination of apatinib and PTX has promising efficacy in patients with metastatic GC. In addition, PTX and S-1 chemotherapy (PS regimen) has been regarded as a promising choice and recently received considerable attention from researchers in GC. S-1 monotherapy for advanced GC has shown a high overall response rate of 44-54%. According to the JCOG9912 Trial, 20 S1 has been used as a good alternative to continuous infusion of 5-Fu in unresectable GC. The response rate of PTX monotherapy is optimal, reported as 20-25%. 21 Furthermore, it has been confirmed that fluoropyrimidine is synergistic with taxane. 22 Fukuchi et al 23 also
noted that the PS regimen has similar efficacy but lower toxicity than S-1 plus cisplatin. Given its high efficiency and possible synergy with antiangiogenic drugs, the PS regimen was considered a promising combination treatment with apatinib. In this study, we enrolled 4 advanced GC patients with different noncurable factors, including 1 liver metastasis, 1 peritoneal metastasis, 1 para-aortic node metastasis, and 1 highly local advanced disease. Patients were treated with apatinib plus PS for 3-5 cycles, the last cycle including only PS, leaving at least 4 weeks before surgery without apatinib. After treatment, all patients achieved a significant response and underwent potentially curative gastrectomy. These results indicated that apatinib together with the PS regimen may improve the response rate and facilitate a secondary resection with curative intent in metastatic GC. Our results showed that the addition of apatinib to the PS regimen did not substantially alter the safety profile of chemotherapy in patients with GC. The incidence of hematological and gastrointestinal AEs compared well with results from other trials in metastatic GC. The most common grade 3 or 4 AE was neutropenia which could be treated with symptomatic therapy. Hypertension and proteinuria were other common AEs and were readily managed with standard antihypertensives such as angiotensin converting enzyme inhibitors and diuretics. No other classical toxicity of antiangiogenic drugs, in particular gastrointestinal perforation, venous or arterial thromboembolic events, or bleeding, was observed during preoperative treatment. The safety profile of apatinib in this study was acceptable, and no dose interruptions or reductions occurred due to intolerable toxicity.
Apatinib is a potent inhibitor of VEGFR activity, and thus it has been suggested that use of apatinib in the neoadjuvant treatment could potentially impact on intraoperative bleeding, anastomotic healing, and postsurgical wound healing. Based on early clinical data/experience of bevacizumab in the neoadjuvant and conversion treatment of metastatic colorectal cancer, it is recommended that the antiangiogenic targeted agent should be stopped at least 5-8 weeks before surgery and should not be restarted until 28 days after surgery or when all incisions have healed completely. 24 Our data demonstrated that a break of 4 weeks between the last dose of apatinib and radical gastrectomy may not increase the rate of complications in patients with metastatic GC; no increased intraoperative bleeding compared to our historical data and no delayed wound-healing complication or anastomotic dehiscence occurred. These results provided the clinical information to indicate that apatinib in combination with chemotherapy does not affect perioperative morbidity after appropriate management. However, the present study has limitations. First, this study is a preclinical study aiming to explore the possible effect of a combination of apatinib and chemotherapy. Also, only 4 patients were included in the study, so the conclusion needs to be further confirmed by a large-sample, randomized study. Therefore, we have initiated a phase II trial of apatinib plus PS regimen chemotherapy in the conversion therapy of metastatic GC (NCT02529878), which will be completed with detailed data to evaluate the clinical efficacy of adding apatinib to the PS regimen in conversional therapy of unresectable GC. Second, the mechanism for the combination of apatinib and chemotherapy is unknown, and we are looking forward to exploring the mechanism by which the combination of apatinib and chemotherapy displays enhanced activity.
Conclusion
A combination of chemotherapy and apatinib may be an efficient and acceptable safety treatment for late-stage GC. Apatinib may be an option to improve the chemosensitivity of a standard chemotherapy regimen in the treatment of tumors.
Ethical approval
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